We collected MRI diffusion tensor imaging data from 80 younger (20-32 years) and 63 older (60-71 years) healthy adults. Tract-based spatial statistics (TBSS) analysis revealed that white matter integrity, as indicated by decreased fractional anisotropy (FA), was disrupted in numerous structures in older compared to younger adults. These regions displayed five distinct region-specific patterns of age-related differences in other diffusivity properties: (1) increases in both radial and mean diffusivity; (2) increases in radial diffusivity; (3) no differences in parameters other than FA; (4) a decrease in axial and an increase in radial diffusivity; and (5) a decrease in axial and mean diffusivity. These patterns suggest different biological underpinnings of agerelated decline in FA, such as demyelination, Wallerian degeneration, gliosis, and severe fiber loss, and may represent stages in a cascade of age-related degeneration in white matter microstructure. This first simultaneous description of age-related differences in FA, mean, axial, and radial diffusivity requires histological and functional validation as well as analyses of intermediate age groups and longitudinal samples.
Introduction
The human brain displays significant structural and functional changes across adulthood (Raz and Rodrigue, 2006) . The volume of white matter (WM), as measured by in vivo magnetic resonance imaging (MRI), continues to increase until the fourth decade of life and is associated with ongoing myelination (Bartzokis, 2004; Courchesne et al., 2000; Ge et al., 2002; Giedd, 1999) . The subsequent decrease in WM volume accelerates in late adulthood (Courchesne et al., 2000; Raz et al., 2005) and coincides with a smaller number and shorter length of myelinated fibers, myelin pallor, and axonal loss as shown in post-mortem histological studies (Aboitiz et al., 1996; Marner et al., 2003; Meier-Ruge et al., 1992; Tang and Nyengaard, 1997) .
Due to limitations of histological studies (restricted possibility of sample selection, necessity of tissue fixation, and resulting artifacts), none of these previous studies addressed regional specificity of the aforementioned microstructural alterations in aging. In contrast, in vivo structural MRI studies allow identifying regional differences in WM volume loss. They do, however, not provide much insight into the mechanisms responsible for these aging-related WM changes. In this study, we therefore employed diffusion tensor imaging (DTI), which combines some of the benefits of both histological and volumetric approaches in studying WM.
By quantifying the magnitude and directionality of diffusion of water within a tissue, DTI allows inferences about WM microstructure in vivo . Investigating DTI-derived parameters may help to elucidate the mechanisms underlying age-related WM changes because different parameters reflect distinct aspects of WM microstructure. The eigenvalues of the diffusion tensor are obtained through diffusion tensor diagonalization (Basser and Pierpaoli, 1996, 1998; . The first eigenvalue is referred to as axial diffusivity (AD, diffusion parallel to the axon fibers; Basser, 1995; Song et al., 2002) , whereas the average of the second and third eigenvalues is termed radial diffusivity (RD, diffusivity perpendicular to the axonal fibers; Basser, 1995; Song et al., 2002) . Lowered AD reflects axon injury both in ischemic (Song et al., 2003 (Song et al., , 2005 and chemically induced (Sun et al., 2006) WM lesions. Increases in RD have been linked to incomplete myelination in shiverer mice (Song et al., 2002) , drug-induced demyelination (Song et al., 2005) , and loss of myelin following axon injury (Song et al., 2003 (Song et al., , 2005 . Fractional anisotropy (FA), a measure of the directional dependence of diffusion (Basser, 1995) , reflects fiber density and coherence within a voxel (Beaulieu, 2002) . FA values range between 0 (isotropic diffusion) and 1 (perfectly anisotropic diffusion). Lowered FA has been observed in various conditions in which loss of fiber integrity occurs (Beaulieu, 2002) , such as multiple sclerosis (Rovaris et al., 2005 ) and Alzheimer's disease (Medina et al., 2006) . Mean diffusivity (MD) is a mean of all three eigenvalues of the diffusion tensor and reflects the magnitude of water diffusion within a voxel, which depends on the density of physical obstructions such as membranes and the distribution of water molecules between different cellular compartments (Beaulieu, 2002; Sen and Basser, 2005) . Increased MD was observed in conditions of reduced membrane density (Sen and Basser, 2005) such as tissue degeneration after injury (Beaulieu, 2002; Beaulieu et al., 1996; Concha et al., 2006) . Thus, comparing the values of FA, MD, RD, and AD between younger and older adults allows inferring potential age-related microstructural mechanisms underlying the observed differences in diffusivity properties.
WM diffusivity changes in late adulthood-FA decreases and MD increases (Minati et al., 2007) -likely reflect microstructural alterations such as an increase in brain water content, demyelination, disruption of axon structure, and overall rarefaction of fibers (Minati et al., 2007) . To obtain a comprehensive picture of differences in different elements of WM microstructure, however, it is necessary to consider conjointly all measures derived from the diffusion tensor (Assaf and Pasternak, 2008 ). This has not been done systematically in previous research; few studies have reported eigenvalues for selected WM structures (Abe et al., 2002; Bhagat and Beaulieu, 2004; Hsu et al., 2008; Ota et al., 2006; Stadlbauer et al., 2008; Sullivan et al., 2006b) , and only one tractography-based study reported the values of MD, RD, and AD for all main cerebral WM tracts in adults between 20 and 81 years of age (Sullivan et al., in press ). The diffusivities were, however, not analyzed conjointly and studying a mean value for the whole tract does not use the localized information of diffusivity properties obtained for each voxel given that the age effect on diffusivity properties may not be uniform along a WM tract.
Investigating the direct relationship between age effects on different diffusivity parameters could provide more insight into the mechanisms of WM aging. Zhang et al. (in press) identified WM regions with simultaneous age-related variations in FA and MD, as well as regions showing FA differences without a significant MD difference and vice versa. In a separate analysis, they showed that agerelated increases in RD were of greater magnitude than the corresponding increases in AD (Zhang et al., in press ). Still, the direct relationship between these four DTI measures remains to be evaluated. Due to the lack of simultaneous analysis of FA, RD, and AD, Zhang's conclusion that increased RD mostly explains the FA reductions is not justified. By analyzing RD and AD separately from FA and MD it is also impossible to distinguish between diffusivity patterns characteristic of Wallerian degeneration (FA and AD decrease, RD increase and no net difference in MD, Pierpaoli et al., 2001 ) and patterns characteristic of other mechanisms (FA decrease and no difference in other diffusivities). Zhang et al. ( in press) applied voxel-based morphometry (VBM) analysis, an approach originally designed for assessing changes in grey matter density. This approach includes smoothing of the diffusivity maps, a step that is generally not recommended for DTI data (Jones et al., 2005) . In addition, this approach does not allow precise tractrelated localization of the observations. Tract-based spatial statistics (TBSS; Smith et al., 2006) is an alternative approach for analyzing differences in WM. TBSS brings together the strengths of whole-brain VBM methods and localized region-of-interest (ROI) analyses. TBSS circumvents the problem of cross-subject alignment and contamination due to differences in brain morphology by sampling the centerof-tract voxel value in individual space. It, therefore, enables reliable detection of localized differences in diffusivity parameters in all major WM tracts without the necessity of smoothing (Smith et al., 2006) . The applicability of TBSS to aging studies has been demonstrated in two recent studies. In a study comparing 8 younger and 22 older participants, Damoiseaux et al. (2009) reported age-related FA decreases in the frontal, parietal, and temporal lobes, corpus callosum, and the internal capsule. In a large sample of adults above the age of 60 (n = 832), Vernooij et al. (2008) examined the relationships between DTI parameters and macrostructural differences, such as overall brain atrophy and lesion volumes.
In this study, we investigated differences in WM diffusivity properties between healthy adults in their third and seventh decade of life. Specifically, we addressed the following questions: What is the voxelwise pattern of simultaneous differences in FA, MD, AD, and RD in the whole WM from early to late adulthood? Are the patterns of age-related differences in diffusivity parameters not only region-but also tract-specific? What is the neurobiological meaning of these patterns and are they meaningful in view of extant histological knowledge?
We analyzed FA, MD, RD, and AD in all major WM tracts of the cerebrum using TBSS. Next, we investigated, on the voxel level, the spatial distribution of age-related differences in AD, RD, and MD within those regions showing age-related FA decreases. This approach allows for a more specific interpretation of age-related decreases in FA as opposed to considering FA and MD or AD and RD alone. We hypothesized that WM tracts and their subregions would differ with respect to age-related differences in diffusivity properties. For instance, we predicted that in the regions most susceptible to aging, such as the frontal lobes, irreversible loss of myelinated fibers would result in a decrease in FA and a general increase in diffusivity. In other regions, axonal injury may result in a decrease in AD and demyelination may cause an increase in RD. In some regions, age effects may be represented mainly by glial infiltration resulting in lowered FA and MD. Taken together, the analysis of region-specific patterns in diffusivity properties may reveal spatial specificity of differential age-related differences in WM microstructure.
Materials and methods

Participants
The participants were 80 younger adults (35 women) between 20 and 32 years of age (M = 25.7 ± 3.2) and 63 older adults (29 women) between 60 and 71 years of age (M = 64.8 ± 2.9), all of whom had at least 8 years of education, were right-handed, and had no history of psychiatric or neurological disease. For 58 of 63 older adults, we had information about their vascular risk factors: 25 (43%) reported arterial hypertension (defined as blood pressure constantly above 140/90 mm Hg), 11 of the 25 hypertensive participants took antihypertensive medication, 5 (8.6%) had type 2 diabetes, all of which took medication but only one was insulin-dependent, and 6 (10.4 %) reported hypercholesterolemia (2 of which were taking medications). Older adults showed a decline in fluid abilities (perceptual speed), as measured by digit-symbol substitution (M younger = 63.1 ± 10.9, M older = 47.8 ± 12.7, p b 0.001), but higher crystallized abilities (verbal knowledge), as measured by Spot-a-Word task (M younger = 18.3 ± 5.3, M older = 22.2 ± 5.8, p b 0.001), which is typical for an aged population (Li et al., 2004) .
The ethics committee of the Charité University Medicine Berlin and the Max Planck Institute for Human Development approved the study, and written informed consent was obtained from all participants prior to the examination.
MR acquisition
Diffusion-weighted and fluid-attenuated inversion recovery (FLAIR) images were acquired on a 1.5 T Siemens Sonata with 40 mT/m gradients and 200 T/m/sec slew rates (Siemens, Erlangen, Germany). All images were obtained parallel to the anterior-posterior commissure plane with no interslice gap. FLAIR images consisted of 24 5-mm-thick slices with an in-plane resolution of 1.3 × 0.9 mm (240 × 256 matrix, TR/TE/TI = 7500/118/2200 ms). Eddy currentinduced image distortions were minimized by using a twicerefocused spin echo single-shot Echo Planar Imaging sequence to acquire DTI data (Reese et al., 2003) , with TR/TE = 8500/96 ms, 128 × 128 matrix, 2.5 mm 2 in-plane resolution, and receiver bandwidth of 1502 Hz, comprising 52 2.5-mm-thick slices. The protocol consisted of a set of 12 non-collinear diffusion-weighted acquisitions with b-value = 1000 s/mm 2 and a T2-weighted, b-value = 0 s/mm 2 acquisition, each repeated four times.
Assessment of white matter hyperintensity (WMH) burden
A.Z.B. evaluated the presence of age-related WMHs on FLAIR images using the rating scale described by Wahlund et al. (2001) . The presence of moderate WMHs is typical for a normally aged population (Baloh and Vinters, 1995) . A neuroradiologist examined the structural images of participants with WMH grade 2 and classified them within the normal range for their age.
We estimated WMH volume using a semi-automated procedure based on FMRIB's Automated Segmentation Tool (FAST 4.1, Zhang et al. 2001 ). The procedure included: (a) removal of the skull and non-brain tissue using the Brain Extraction Tool (Smith, 2002) , (b) segmentation of the image into three tissue types (grey and white matter, cerebrospinal fluid (CSF)), and (c) manual masking of WMH regions within the CSF segmentation (done by A.Z.B.). WMH volumes are given in number of in-plane voxels. All younger and 19 older participants had grade 0 (no lesions), 29 older adults had grade 1 (a single to several focal WM lesions, M WMH volume = 962 ± 697 voxels, range 117-2,615 voxels), 15 older participants had grade 2 (beginning confluence of lesions, M WMH volume = 7414 ± 5,496 voxels, range 3094-23,338 voxels). The difference in WMH volume between grade 1 and grade 2 was significant (p b 0.001, independent-samples t-test). We found no relationship between WMH volume and age within older adults (r = 0.20, p = 0.11), but considering the whole sample, we found the expected correlation between WMH volume and age (r = 0.40, p b 0.001). For 50 of 63 older adults from whom we had the blood pressure measures, we found no correlation between WMH volume and blood pressure (r WMH volume-systolic = −0.03, r WMH volume-diastolic = 0.07, r WMH volume-MAP = 0.03).
Analysis of DTI data
DTI data were processed using the FSL 4.1 Diffusion Toolbox (FDT: http://www.fmrib.ox.ac.uk/fsl/) in a standard multistep procedure, including: (a) motion and eddy current correction, (b) removal of the skull and non-brain tissue using the Brain Extraction Tool (Smith, 2002) , and (c) voxel-by-voxel calculation of the diffusion tensors. Using the diffusion tensor information, FA, MD, and AD maps were computed using DTIFit within the FDT. RD was calculated as the mean of the second and third eigenvalues (Song et al., 2002) .
Tract-based spatial statistics
Voxelwise statistical analysis of the diffusion maps was carried out using TBSS v1.2 (Smith et al., 2006; Smith et al., 2007) , a toolbox within FSL (Smith et al., 2004) , and included: (a) nonlinear alignment of each participant's FA volume to the 1 × 1 × 1 mm 3 standard Montreal Neurological Institute (MNI152) space via the FMRIB58_FA template using the FMRIB's Nonlinear Registration Tool (FNIRT, Rueckert et al., 1999; www.doc.ic.ac .uk/~dr/software), (b) calculation of the mean of all aligned FA images, (c) creation of the WM "skeleton" (a representation of WM tracts common to all subjects) by perpendicular non-maximum-suppression of the mean FA image and setting the FA threshold to 0.25, (d) perpendicular projection of the highest FA value (local center-of-tract) onto the skeleton, separately for each subject, and (e) feeding the data into a voxelwise permutation-based (5000 permutations) inference (Nichols and Holmes, 2002) . Voxels thresholded at t N 3, corrected for multiple comparisons with the cluster significance threshold of p b 0.01 (2-tailed), were considered significant.
Pattern analysis
Non-FA parameter analysis was done as follows: the transformation matrix from step (a) and the projection vectors from step (d) were used to align the values of MD, RD, and AD into the MNI152 space and to project them onto the skeleton. In the final step, the resulting images were subjected to the same statistical analysis as the FA data. The resulting maps of p values were masked to only include the voxels showing significant age-related differences in FA. We multiplied the masked p value maps of FA and the other parameters to create conjunction images (i.e., we performed a logical AND operation between the thresholded FA map and the other parameter maps). After setting the appropriate significance thresholds (p b 0.01, 2-tailed), we evaluated the spatial overlap of the conjunction images.
Results
Age-related differences in FA
For both younger and older adults, FA values differed among brain regions. For more details on regional specificity of FA values on the TBSS skeleton, see Supplementary Materials.
We performed voxelwise comparison of age-related differences in FA values between younger and older adults. FA was lower in older than in younger adults (p b 0.01) in numerous WM regions, which included: the anterior, superior and posterior corona radiata, WM of the superior, inferior, middle, frontal and straight gyri, WM of the precuneus and superior parietal lobule, parts of the cingulum (mainly dorsal), the body and the column of the fornix, the forceps minor and major, the external capsule, the internal capsule, the sagittal stratum, and the parahippocampal WM (See Fig. S-2, Supplementary materials) . In the anterior limb of the internal capsule, posterior part of the dorsal cingulum, the body and the splenium of the corpus callosum, the forceps major and white matter within the occipital lobe, and part of the inferior cerebellar peduncles, the age-related difference in FA was not significant after accounting for WMH burden (Fig. S-4 , Supplementary materials). We observed no age-related FA increases. For the comparison of the mean FA, MD, RD, and AD values from the whole WM skeleton, see Supplementary Materials. Patterns of differences in axial, radial, and mean diffusivity in regions showing lowered FA with aging Within WM structures showing an age-related reduction in FA, conjunction analyses revealed a complex pattern of significant increases in RD, MD and AD, as well as decreases in AD and MD. In the majority of WM regions, there was a single dominant pattern of the overlapping age-related diffusivity differences. Altogether we distinguished five main patterns: (1) An increase in both RD and MD was predominant in the genu of the corpus callosum, the middle frontal gyrus, the external capsule, the anterior limb of the internal capsule, the anterior part of the dorsal cingulum, and in the sagittal stratum. In some of these regions, AD was also increased with age, particularly in the body of the corpus callosum ( Fig. 1-1) ; (2) Other regions such as the superior corona radiata, forceps minor and large parts of the dorsal posterior cingulum ( Fig. 1-2 ) predominantly showed an increase in RD; (3) Several structures showed a reduction in FA, without significant differences in the other parameters: the ventral part of the middle frontal gyrus, forceps minor, and the straight gyrus ( Fig. 1-3) ; (4) In the crus of the fornix and retrolenticular part of the internal capsule, an increase in RD was accompanied by a decrease in AD ( Fig. 1-4) ; (5) In the WM of the midbrain and cerebellar peduncles, there was a significant age-related decrease in AD, which was accompanied by a decrease in MD in the posterior limb of the internal capsule ( Fig. 1-5 ). Few scattered voxels showed a decrease in FA and AD and an increase in RD and MD. These voxels were classified as "others" in the diagram in Fig. 1 and they are not considered in the discussion. Within voxels showing lower FA in older participants, we observed no decrease in RD. Table 1 summarizes the spatial localization of these patterns.
A simultaneous increase in RD and MD was the dominant pattern (34.7%), whereas a decrease in AD and an increase in RD occupied the smallest area (10.1% and 10.7%, respectively) of the total volume showing an age-related reduction in FA (Fig. 1) .
Given that the eigenvalues are by definition orthogonal, while their derivatives (such as FA and MD) may not be, we performed a post-hoc analysis to investigate the dependency between FA and MD within ROIs defined within each of the five patterns described above. The correlations between FA and MD were as follows: genu of the corpus callosum (pattern 1, r = −0.87, p b 0.001), superior corona radiata (pattern 2, r = − 0.61, p b 0.001), forceps minor (pattern 3, r = − 0.63, p b .001), crus of the fornix (pattern 4, r = − 0.15, p = 0.08), and the inferior cerebral peduncle (pattern 5, r = 0.14, p = 0.10). These results show that (a) the dependency between FA and MD is region-specific and (b) FA and MD are not necessarily correlated.
Discussion
The aim of this study was to investigate the whole-brain pattern of age-related differences in all diffusivity parameters and to explore their regional specificity. For the analysis of FA, MD, RD, and AD values, we used TBSS, which accounts for morphological differences that can be observed between healthy adults in the third and seventh decade of life. In addition to the previously reported anteroposterior gradient of age-related FA decrease in the corpus callosum (Head et reduction in multiple locations throughout the whole cerebral WM, particularly in regions containing associative connections of the frontal cortex. Within the structures showing lower fiber integrity in older adults (as measured by FA), WM regions showed distinct patterns of increases in RD and both decreases and increases in MD and AD, whereas other regions revealed differences in FA only. These diffusivity patterns suggest that the age-related microstructural alterations in WM differ by region. Here we discuss possible biological underpinnings of the observed diffusivity patterns.
TBSS revealed age-related differences in FA throughout cerebral WM
The whole-WM TBSS analysis showed that higher adult age was associated with lower FA values in as many as 53% of the center-oftract voxels considered in the analysis. For most of these regions, there is some previous evidence for age-related FA decreases. These include the anterior parts of the corpus callosum (Camara et al., 2007; Head et al., 2004; Hsu et al., 2008; Hugenschmidt et al., 2008; Ota et al., 2006; Salat et al., 2005; Sullivan et al., 2001 Sullivan et al., , 2006a Yoon et al., 2008) , the external capsule (Ardekani et al., 2007; Bhagat and Beaulieu, 2004; Hugenschmidt et al., 2008) , the prefrontal WM (Bucur et al., 2008; Camara et al., 2007; Grieve et al., 2007; Hsu et al., 2008; Hugenschmidt et al., 2008; Madden et al., 2004; Pfefferbaum et al., 2000a; Salat et al., 2005) , the sagittal stratum (Pfefferbaum et al., 2005) , the posterior thalamic radiations (Hugenschmidt et al., 2008) , the internal capsule (Ardekani et al., 2007; Bhagat and Beaulieu, 2004; Hsu et al., 2008; Salat et al., 2005; Yoon et al., 2008) , the corona radiata and the adjacent WM (Bucur et al., 2008; Camara et al., 2007; Hugenschmidt et al., 2008; Pfefferbaum et al., 2000a; Sullivan et al., 2001; Yoon et al., 2008) , the cingulum (Ardekani et al., 2007; Bucur et al., 2008; Sullivan et al., in press; Yoon et al., 2008) , and the fornix (Stadlbauer et al., 2008) .
To the best of our knowledge, there are only two studies that assessed FA differences in the direct vicinity of the hippocampus: one ROI-based study (Yoon et al., 2008) and one TBSS study (Vernooij et al., 2008) , both of which found a bilateral FA reduction in old age. In agreement with these studies, we showed that FA is decreased in old age in the direct vicinity of the hippocampal formation, namely in the crus of the fornix.
Medial temporal lobe structures including the hippocampus are critical to episodic memory functioning (Eichenbaum and Cohen, 2001 ). Hippocampal alterations might, therefore, be an important factor underlying age-related deficits in episodic memory. This is supported by findings of a bilateral reduction in hippocampal activation during episodic retrieval in older adults (Cabeza et al., 2004; Daselaar et al., 2006) . The present findings suggest that the hippocampal component of age-related episodic memory deficits might not only be due to grey matter shrinkage (Raz et al., 2005) , but also reflect alterations in hippocampal WM connections (see also Persson et al., 2006) .
Connection-wise anteroposterior gradient of age-related reduction in FA
The anterior parts of the corpus callosum showed greater agerelated decreases in FA values than the posterior parts, thereby confirming the proposed age-related anteroposterior gradient of FA decline in the corpus callosum (Abe et al., 2002; Camara et al., 2007; Hsu et al., 2008; Hugenschmidt et al., 2008; Ota et al., 2006; Pfefferbaum et al., 2005 Pfefferbaum et al., , 2000b Salat et al., 2005; Sullivan et al., 2001 Sullivan et al., , 2006b Sullivan and Pfefferbaum, 2006) . This gradient was, however, less obvious in the whole WM, as age-related FA reductions were present within multiple, widely distributed regions of the cerebrum (similar to Damoiseaux et al., 2009; Vernooij et al., 2008) and in the cerebellar WM. Still, from a systemic perspective, it is apparent that the decrease in FA primarily affects the connections of the frontal lobe, which is in agreement with extant patterns of agerelated cognitive deficits (Paxton et al., 2008) .
FA reductions in the anterior parts of the corpus callosum suggest a disruption of the interhemispheric communication at the level of prefrontal, premotor, and supplementary motor cortices (Hofer and Frahm, 2006) . FA decreases in the anterior limb of the internal capsule and the anterior corona radiata, containing both commissural fibers of the corpus callosum and the anterior thalamic radiations, suggest a disruption in the thalamocortical connections of the frontal lobe (Schmahmann and Pandya, 2006) . Similarly, age-related FA reductions in the WM of the straight, inferior and middle frontal gyri suggest decreased integrity of the local connections within the frontal lobe, in particular in the lateral prefrontal cortex. FA decreases within the ventral part of the middle frontal gyrus, in the ventral parts of the external capsule, and in the WM of the temporal pole indicate agerelated alterations of the uncinate fasciculus, which contains reciprocal connections between the ventrolateral prefrontal cortex and anterior parts of the temporal lobe, including the amygdala (Schmahmann and Pandya, 2006) . The decreased FA in the external Table 1 Summary of spatial colocalization of age-related differences in RD, AD, and MD within regions showing an age-related reduction in FA (t N 3, p b 0.01, 2-tailed capsule may also affect fibers connecting the ventral and medial prefrontal cortex to the striatum. FA decreases within the dorsal parts of the middle frontal gyri (dorsolateral prefrontal cortex), in the dorsal parts of the external capsule, and in the WM of the parietal lobe point to decreased integrity of the superior longitudinal fasciculus. The alterations within the sagittal stratum may reflect age-related integrity loss of the communication between the frontal and occipital lobes via the fronto-occipital fasciculus (Schmahmann and Pandya, 2006) . Taken together, tissue integrity, as measured by FA, was decreased in the seventh relative to the third decade of life in local and commissural connections of the prefrontal cortex and in association fibers between the frontal lobe and other lobes. In addition to the frontal circuitry, increased age affected elements of the limbic system (cingulum, fornix, parahippocampal WM), parts of the corticospinal/ corticopontine tracts (corona radiata, internal capsule, midbrain WM), and reciprocal connections between the medulla and the cerebellum (inferior cerebellar peduncle).
Possible microstructural underpinnings of the region-specific diffusivity patterns
The whole-WM comparison showed the expected patterns of agerelated increases in MD (Head et al., 2004; Pfefferbaum and Sullivan, 2003) and RD (Bhagat and Beaulieu, 2004; Ota et al., 2006; Sullivan et al., 2006a) , and a less pronounced rise in AD (Bhagat and Beaulieu, 2004) . In addition, the voxelwise TBSS analysis showed decreases in MD and AD in restricted regions showing a reduction in FA. The spatial distribution of age-related differences in MD, RD, and AD revealed five main patterns: (1) increase in RD, MD, and AD; (2) an increase in RD only; (3) lowered FA without difference in other diffusivity parameters; (4) an increase in RD and a decrease in AD; and (5) a decrease in AD with a decrease in MD ( Fig. 1 and Table 1 ).
In this study on healthy younger and older adults, there were no histological data available that would enable a more direct link between diffusivity patterns and region-specific microstructural alterations. Many previous histological-DTI studies have, however, investigated how different types of microstructural alterationsdemyelination, acute axonal injury, gliosis, Wallerian degeneration, chronic WM damage-translate into different patterns of differences in WM diffusivity properties. Guided by these studies, we can infer the possible neurobiological underpinnings of the observed patterns of age-related differences in diffusivity characteristics.
Chronic WM degeneration (pattern 1)
Within regions showing an age-related FA decrease, an increase in RD, MD, and partly also AD occupied the largest volume. Such a diffusivity pattern has been observed in the chronic stages of fiber degeneration after corpus callosotomy (Concha et al., 2006) . After the transection of the corpus callosum, there is a decrease in AD as the fragmentation of axons creates barriers to the longitudinal displacement of water molecules. Next, the axonal membranes are degraded and the myelin sheaths fall apart, resulting in an increase in RD. The cellular debris is subsequently cleared by microglia, resulting in reestablishment or an increase in diffusion in the longitudinal direction (Concha et al., 2006; Sun et al., 2008) .
Thus, this pattern of diffusivity differences likely reflects higher extracellular volume fraction and lower membrane density as a result of myelin and axon loss, a smaller volume fraction of axons, an increase in axonal spacing (Sen and Basser, 2005) as well as a reduction in extracellular tortuosity (Norris, 2001) . The lack of decreased AD suggests that the cellular debris has been removed by phagocytic microglia, re-establishing diffusion parallel to the remaining axons.
Such diffusivity properties have been described in other cases of chronic WM damage. An increase in RD and MD and a decrease in FA were observed in amyotrophic lateral sclerosis (Cosottini et al., 2005) . A decrease in FA together with a marked increase in MD reflects a loss of both axons and myelin in Balo's concentric sclerosis lesions (Lindquist et al., 2007) or in chronic stages of Wallerian degeneration after ischemic stroke (Thomalla et al., 2004) . Decreased FA together with increased RD and AD was observed after traumatic WM injury in patients with unfavorable outcome, suggesting irreversible WM damage (Sidaros et al., 2008) .
Interestingly, in our healthy older adults, we observed signatures of chronic WM degeneration mainly in the anterior parts of the corpus callosum and in the association fibers. Selective vulnerability of the association fibers has been linked to their relatively late myelination during development (Raz et al., 2000) . As a result, most axons in these regions have not only a small diameter and thinner myelin sheaths but also a lower oligodendrocyte-to-axon ratio, making the glial cells more metabolically challenged. This should make the myelin sheaths more exposed to the potentially toxic extracellular environment and hence more vulnerable (Bartzokis, 2004; Bartzokis et al., 2004) . This is in line with findings from a study on mono-and dizygotic twins, showing that anterior parts of the corpus callosum are more susceptible to environmental influences than its posterior parts ).
Demyelination (pattern 2)
FA reduction along with RD increase has been related to loss of myelin, as observed in acute demyelinating multiple sclerosis and in animal studies of experimentally induced myelin loss (Song et al., 2002 (Song et al., , 2005 Sun et al., 2006) . Our results suggest that with increased age, some WM structures, such as the superior corona radiata (corticospinal and corticopontine tracts, superior thalamic radiations) and forceps major (posterior thalamic radiations/optic radiations), are affected primarily by demyelination, which are consistent with histological findings of an age-related loss of myelin and myelinated fibers in old age (Aboitiz et al., 1996; MeierRuge et al., 1992; Tang and Nyengaard, 1997; Terao et al., 1994) .
Subtle microstructural alterations (pattern 3)
Reductions in FA alone, as observed in frontal gyri WM, suggest a mixture of subtle differences in RD and AD. Conceivably, this reflects mild microstructural alterations, such as minor fiber loss without gross tissue loss, leading to lowered FA but no net differences in MD (Rovaris et al., 2005; Sen and Basser, 2005) . This loss of fiber coherence in the gyral WM could be connected to age-related thinning of cortical grey matter, known to affect particularly the frontal lobes (Salat et al., 2004) .
Secondary Wallerian degeneration (pattern 4)
A decrease in FA with simultaneous increase in RD, a decrease in AD, and the resulting non-significant difference in MD has been observed in secondary Wallerian degeneration (Pierpaoli et al., 2001) . This is considered to be a result of axonal loss, followed by increases in extracellular matrix and isotropic tissue structures, such as glia (Pierpaoli et al., , 2001 . This diffusivity pattern was present mainly in the retrolenticular part of the internal capsule, containing the optic radiations, as well as in the parahippocampal WM. Histological evidence suggests that there is considerable hippocampal gliosis in both demented and nondemented elderly adults (Beach et al., 1989) . More importantly, WMHs typical for the healthy old population (Baloh and Vinters, 1995) may be the primary lesions from which Wallerian degeneration originates.
Gliosis or early axonal injury (pattern 5)
A decrease in FA accompanied by a decrease in AD and MD was present mainly in the parts of the corticospinal/corticopontine tracts at the level of the posterior limb of the internal capsule and in the cerebral peduncles in the midbrain. Lowered FA and AD (without RD or MD increases) has been reported in both rodents and humans in acute axonal damage involving axon swelling, fragmentation, and organelle accumulation (Concha et al., 2006; Song et al., 2003; Sun et al., 2006) . Ischemic lesions may cause such acute axonal dysfunction. Another reason for reduced AD and MD is increased density of cellular membranes, for instance of glial cells, that restrict the freedom of diffusion (Beaulieu, 2002) . This is in line with findings of an increased number of glia in late adulthood (Beach et al., 1989; Terry et al., 1987) . Combining DTI with another imaging modality such as MR spectroscopy or magnetization transfer imaging could allow the discrimination between the acute axonal loss and glia infiltration in aging WM.
Diffusivity patterns in the seventh decade of life may reflect one time point of a complex cascade of age-related degeneration Taken together, some WM regions seem to be in an advanced phase of injury in the seventh decade of life with possible loss of both axons and myelin. Some structures exhibit characteristics of a secondary Wallerian degeneration, whereas others may be affected by more subtle microstructural age alterations such as mere myelin loss, gliosis without tissue loss, and loss of axon coherence.
This cross-sectional study cannot address the temporal sequence or causal relations between differences in diffusion parameters. Nevertheless, it is tempting to speculate that some patterns may reflect earlier and other patterns later stages of progressing agerelated WM degeneration, at least in certain WM regions. For instance, in the genu of the corpus callosum, the predominant pattern points to chronic tissue loss, still some voxels indicate demyelination and Wallerian degeneration. Thus, it is conceivable that the focal demyelination or injury of the small diameter fibers of the corpus callosum develops into Wallerian degeneration, which in turn progresses to the chronic tissue loss. The pattern scheme introduced here should be extended to intermediate age groups (e.g., the 40-50 years age range) to identify patterns representing a cascade of degeneration and to longitudinal studies of WM changes in adulthood and old age.
Limitations
The described patterns of age-related diffusivity differences include four diffusivity measures. While RD and AD are by definition orthogonal, their composites, FA and MD, may not be orthogonal. Indeed, simultaneous age-related decreases in FA and increases in MD have been reported in some studies (for review, see Minati et al., 2007) . To address this issue, we performed post-hoc analysis of FA-MD correlations within specific patterns. This analysis showed that (a) the dependency between FA and MD is region-specific and (b) FA and MD are not necessarily correlated.
As predicted by the diffusivity patterns, in regions where a decrease in FA was accompanied by an increase in RD or AD, FA was negatively correlated with MD (genu of the corpus callosum, the superior corona radiata, and the forceps minor). Moreover, in the crus of the fornix, where increase in RD was counterbalanced by a decrease in AD, FA was not related to MD. In the cerebral peduncle, where FA decrease was observed together with a decrease in AD and MD, we observed a positive correlation between FA and MD, although not significant. This is in line with previous findings, that decreases in FA are not always accompanied by increases in MD (Pierpaoli et al., 2001) . These results together with the literature indicate that MD and FA carry non-redundant information about WM microstructure. Although FA and MD may be highly correlated in certain types of microstructural alterations, it seems necessary to consider both of them to differentiate between region-specific aging mechanisms of WM. Similarly, adding RD and AD to the pattern analysis allows understanding which components of the diffusion tensor contributed to age differences in MD and FA, even if in some WM regions, these indices may show statistical dependence. For instance, FA can decrease as a result of an increase in RD or a decrease in AD. Conversely, by considering only RD and AD we would not know whether the observed decrease in AD is strong enough to significantly affect the shape of the diffusion ellipsoid (i.e., anisotropy) or the overall diffusivity within a voxel (MD).
Taken together, these results indicate that it is advantageous to consider all four measures when reporting age-related differences in diffusivity properties.
The age-related FA reductions in the fornix are present in figures of previous VBM studies, but they were not discussed (Camara et al., 2007; Hsu et al., 2008; Hugenschmidt et al., 2008; Salat et al., 2005) , likely because there is a high risk of detecting a false positive due to suboptimal alignment of this fiber tract. Also, the body and column of the fornix have never been included in ROI analyses, presumably due to their small size and vicinity to the ventricles. In a recent TBSS study, Vernooij et al. (2008) showed that global age-related WM atrophy was related to decreased FA values in the fornix in adults over the age of 60. This atrophy increases the partial-volume effect and may therefore explain the relatively high (in comparison to other WM structures) means, standard deviations, and the marked age-related increases in RD, AD, and MD observed in our study (Fig. S-1 , Supplementary materials), indicative of partial-volume effects due to age-related atrophy in the body of the fornix (Sullivan et al., in press ). Thus, even restricting the analysis to carefully sampled center-of-tract values in TBSS may not suffice to circumvent partial-volume effects in very thin structures such as fornix and external capsule. As the external capsule is tightly surrounded by grey matter structures, partial-volume effects should result in a decrease in MD (in addition to a decrease in FA), the opposite of what we observed. Hence, the observed increase in MD, RD, and AD likely reflects true fiber loss within the external capsule. In the fornix, however, microstructural mechanisms cannot be differentiated from macrostructural, atrophy-related differences.
Although by employing TBSS we sampled diffusivity values from the centres of the tracts, some voxels located on the WM skeleton were within the crossings of different fiber pathways. In these voxels, RD and AD cannot serve as markers of myelin and axon integrity, respectively (Song et al., 2002 (Song et al., , 2003 (Song et al., , 2005 , and the patterns should be interpreted with caution. The diffusivity pattern in the genu of the corpus callosum and the anterior limb of the internal capsule suggests chronic fiber loss. Major parts of the corpus callosum splenium showed no decrease in FA, and the posterior limb of the internal capsule may be affected primarily by gliosis and axonal insult. The fact that WM regions with compact and coherent fibers differed in their age-related diffusivity patterns confirms the validity of the pattern approach adopted here.
Comparing groups of younger and older adults makes it impossible to assess possible nonlinearities in WM microstructure differences between the 3rd and 7th decades of life. At present, evidence in favor of such nonlinearities in WM volume rests on a small number of crosssectional studies (Courchesne et al., 2000; Ge et al., 2002) . In a crosssectional DTI study with continuous age sampling, diffusivity indices for all major WM tracts were well approximated by linear functions (Sullivan et al., in press ). Clearly, longitudinal data on sufficiently large samples are needed to verify the onset and shape of average age trends, the degree of between-person differences around these trends, and the cascade of senescent changes in WM integrity proposed in this article.
Summary and outlook
We used TBSS to assess age-related differences in WM diffusivity properties in multiple sites within the entire cerebral WM while accounting for morphological alterations in older adults. Because we used a whole-brain approach that is sensitive to small alterations in WM integrity, we were able to detect reductions in FA in regions that have rarely been considered in ROI-based studies, such as the parahippocampal WM. We found that the overall pattern of agerelated loss of WM integrity goes beyond the common notion of a simple anteroposterior gradient of FA decline. Still, the pattern of lowered FA suggests primary disruption of the connections of the frontal lobe. Within the regions exhibiting reduced FA, higher RD may represent age-related decreases in myelin content and integrity. The pattern of simultaneous increases in RD and MD, likely indicative of chronic WM degeneration, matches the notion that the late myelinating association fibers are most susceptible to accumulating age-related injuries. Reductions in FA only may be the result of early or subtle pathological processes. A decline in FA and AD with an increase in RD likely represents secondary Wallerian degeneration, whereas a decrease in AD and MD may be a manifestation of glial infiltration. This is the first description of regional differences in all main diffusivity parameters, suggesting differential age-related mechanisms of integrity loss within cerebral WM. We also showed that age-related microstructural alterations lead to increased dependency between RD and AD, which are by definition orthogonal (see Supplementary materials). This increase in RD-AD correlation is likely connected to increased isotropic volume fraction in aging WM, regardless of the underlying pathological process. Importantly, this study reinforces the necessity of relating the different diffusivity indices directly to each other to discriminate between different microstructural mechanisms which are indistinguishable if characterized by FA or MD alone.
Behaviorally, we observed the typical pattern of healthy normal aging, with an age-related deficit in a marker test of fluid intelligence and age-related increase in a marker of crystallized intelligence. Therefore, it is unlikely that the observed mean age group differences in white matter integrity were a gross misrepresentation of the differences associated with normal aging. Conceptually, we proposed a refined scheme for the interpretation of age-associated differences in diffusivity parameters on a voxel level. In future studies, the diffusivity pattern scheme should be extended to the analysis of adolescents and middle-aged adults. Further, longitudinal data are needed to examine individual differences in diffusivity changes across the adult life span and their relations to individual differences in behavioral change.
